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Abstract 

In support of the Space Shuttle Orbiter post-flight 
inspection, structure temperatures are recorded at 
selected positions on the windward, leeward, starboard 
and port surfaces. Statistical analysis of this flight data 
and a non-dimensional load interference (NDLI) 
method are used to estimate the thermal reliability at 
positions were reusable surface insulation (RSI) is 
installed. In this analysis, structure temperatures that 
exceed the design limit define the critical failure mode. 
At thirty-three positions the RSI thermal reliability is 
greater than 0.999999 for the missions studied. This is 
not the overall system level reliability of the thermal 
protection system installed on an Orbiter. The results 
from two Orbiters, OV-102 and OV-105, are in good 
agreement. The original RSI designs on the OV-102 
Orbital Maneuvering System pods, which had low 
reliability, were significantly improved on OV- 105. 
The NDLI method was also used to estimate thermal 
reliability fiom an assessment of TPS uncertainties that 
was completed shortly before the first Orbiter flight. 
Results fiom the flight data analysis and the pre-flight 
assessment agree at several positions near each other. 
The NDLI method is also effective for optimizing RSI 
designs to provide uniform thermal reliability on the 
acreage surface of reusable launch vehicles. 

CDF 
ETR 
FOS 
IOR 
MOS 
N 
NA 
NDLI 
OFT 
OMS 
ov 
PDF 
Pi 

Nomenclature 

normal cumulative distribution function 
eastern test range 
factor of safety (ps /pL or T J f J  
index of reliability, see Eq.(2) 
margin of safety (p+L or Ts-TL) 
number of observations 
data not available 
Non-Dimensional Load Interference 
Orbiter Flight Test 
Orbital Maneuvering System 
Orbiter Vehicle 
normal probability density function 
(i-OS)/N, i = 1 to N 

Q total integrated heat load 
I' correlation coefficient ( ~ x y / c s x ~ y ) z  
R reliability 
RSI reusable surface insulation 
RSS root sum squares deviation 
T temperature, K 
T- structure temperature margin at 

+30 conditions (TD-T-,~~), K 
T, maximum temperature of structure 

at nominal conditions, K 
TmzU maximum temperature of structure 

at +30 conditions, K 
WTR western test range 
x integration variable in Eq.(l) 
Z ( p J  p,th normal distribution percentile 
AT,,,,n temperature deviation 
k, 
p, expected mean value, K 
0, sample standard deviation, K 
oxy covariance of x and y 
ox sample standard deviation of the 

independent parameter x 
cry sample standard deviation of the 

dependent parameter y 

uncertainty ratio or variation (p,/q) 

Subscriuts 
A applied load 
C 

D 
I 
i 

k 
L 
m 
n 

P 
ref 
9 
S 
t 

j 

0 

effective thermal capacitance of the substructure 
design limit 
initial 
index of ordered observation 
L or S 
thermal conductivity of the TPS material 
load 

index of perturbed quantity 
number of standard deviations 
observed value 
predicted value 
reference value 
surface heating rate 
strength 
time of boundary layer transition 
from laminar to turbulent 
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Introduction 

In the early 1970s conceptual designs of the Space 
Shuttle Orbiter thermal protection system (TPS) were 
based on preliminary measurements of the TPS 
properties and the aerothermal heating environments.’” 
To compensate for the large uncertainties in tlus data 
the early reusable TPS concepts were designed with 
additional margin or thickness. Because any additional 
TPS mass directly subtracted from the Orbiter payload 
capability, it became very important to carellly 
optimize the reusable TPS for performance and 
reliability. With significant testing and analysis, the 
uncertainties were gradually reduced and the conceptual 
designs eventually matured into an operational system 
that was installed on five Orbiters, and has been flown 
successfully on more than 100 missions. Heating 
uncertainties for the first Orbiter flight are shown in 
Fig. l.3 The largest uncertainty (15% to 101%) occurs 
at the shock impingement area on the wing leading 
edge. 

The Orbiter fleet provides a unique opportunity for 
acquiring data on the performance of TPS designs that 
have flown on more than one mission. Structure 
temperatures are recorded at selected positions on the 
windward, leeward, starboard and port surfaces as part 
of the Orbiter maintenance program. Because of these 
repetitive measurements, statistical analysis can be used 
to determine with high confidence the mean value and 
standard deviation at each position. Measurements 
fiom a single set of flight data, such as that recorded on 
more typical TPS designs (capsules, planetary entry 
probes, military warheads), would have lower 
confidence levels. 

During re-entry, the Orbiter experiences a diverse, 
complex heating environment that presented many 
challenges in thermal-structural design and required the 
development of several advanced TPS materials. 
Reinforced-Carbon-Carbon, a material with the highest 
temperature capability, is installed on the nose and wing 
leading edges where the most severe aerothennal 
heating occurs. Behind these leading edges, where 
lower heating occurs, reusable surface insulation (RSI) 
materials are used to protect the airframe structure. 
Most of the structure temperatures published in the 
post-flight inspection reports are at positions where RSI 
is installed. 

Because each position has a unique RSI design and a 
unique heating environment, the flight data provides 
extensive information over a wide range of designs and 
conditions. The various designs at each position 
capture many of the actual uncertainties and 

randomness affecting the TPS performance including 
variations in initial temperature, material properties, 
geometry, structure attachment, gaps and joints. Also 
captured at each position are uncertainties and 
randomness affecting the local heating environment 
including: trajectory and atmospheric variations, 
turbulent transition, finite rate chemistry, and any 
unusual flow phenomena. 

The purpose of this paper is to present a non- 
dimensional load interference (NDLI) approach for 
calculating the thermal reliability of RSI designs ffom 
the structure temperature measurements. To 
demonstrate the practicality of the NDLI approach, it is 
also used to estimate RSI thermal reliabilities from an 
early pre-flight analysis of the uncertainties affecting 
Orbiter TPS performance. 

Thermal Reliability Analysis 

Following conventional machine design formalism, the 
NDLI method was developed for estimating thermal 
re l iab i l i~ .~  In developing mechanical components with 
high reliability, it is standard practice to use large 
factors of safety (>4), with a strength that is several 
times greater than the load, under circumstances where 
large uncertainties, randomness and small precision are 
present. When the materials and load environments are 
well characterized and controlled, lower factors of 
safety (<2) may be used to minimize mass and cost. 
Reliability may be estimated in both scenarios by 
analysis of the interference between the strength and 
load distrib~tions.~ For normal probability distributions 
of strength and load, reliability is defined by: 

where the index of reliability (IOR) is given by 

FOS - 1 

IOR= Jm 
Reliability (R) depends on three non-dimensional 
parameters: factor of safety (FOS), strength uncertainty 
ratio (As) and load uncertainty ratio (AL). The 
uncertainty ratio is also known as the coefficient of 
variation. Intrinsic functions for evaluating the integral 
in Eq. ( 1 )  are available in commercial spreadsheet 
software. In cases where the strength or load is 
described by other probability distributions, such as the 
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Weibull distribution, reliability may be calculated by 
numerical integration. 

High reliability is achieved when the mean strength (ps) 
is greater than the mean load (p~),  and the standard 
deviations (os,oL) cause little interference or overlap. 
The interference area in Fig. 2, where load exceeds 
strength and causes failure, may be minimized by either 
reducing the standard deviations (os,o~) or moving the 
means (ps,p~) further apart. An upper limit (IOR-) of 
100% reliability occurs when FOS>1 and hL=hs=O 
because there is no overlap of the distributions. When 
FOS=l, a 50% reliability occurs for any combination of 
nonzero uncertainty ratios. 

The relationship between the index of reliability (IOR) 
and reliability (R) is shown in Fig. 3. Often 
components are designed for a normally distributed load 
with only a mean value used to define strength (3Ls=O): 
which simplifies Eq. (2) to: 

Fig.3 shows that the common 3 0  design with 
pS=h+30~  and IOR=3 has a reliability of 99.87%. A 
lo design has a reliability of 84.13%. For practical 
purposes, a reliability of 99.9999% (six 9's) occurs 
when IOR>4.768. 

Fig. 4 shows the relationship between IOR, hL, and FOS 
for a well-characterized material that has a narrow 
variation in strength (hd .030) ,  such as the Orbiter 
RSI. , As characterization or control of the load 
environment improves, and h~ approaches zero, the 
reliability increases. Reliability also increases with 
additional margin or FOS. Increasing the FOS, for 
example, by increasing the RSI thickness provides 
additional insulation of the structure and improves its 
thermal reliability. 

Thermal Strength and Load Definitions 

Several definitions for thermal strength and load were 
examined in the development of NDLI (see Ref.4). 
Fundamentally, the load refers to the heat load 
environment (QL), and the strength is the relevant heat 
load capability (Qs) for that environment. Alternate 
definitions based on temperature and TPS thickness 
may be more practical depending on the critical failure 
mode being addressed by the design approach. For RSI 
designs, two of the most important critical failure modes 
are: high surface temperatures that melt or ablate the 

RSI material, and high structure temperatures that cause 
failure of the supporting airframe. 

When the critical failure mode under analysis is the 
structure supporting the TPS, the load and strength may 
be defined by: 

The load (TL) is the difference between the maximum 
observed temperature (TA) of the structure and its initial 
temperature (TI). The strength (Ts) is the difference 
between the design limit temperature (TD) of the 
structure and its initial temperature (TI). The RSI is 
adhesively bonded to aluminum or graphite-epoxy 
structures that have multi-mission design limit 
temperatures (TD) of 450K, except on the Orbital 
Minewering System (OMS) pod where TD=395 

Orbiter Flight Data 

The TPS undergoes a thorough inspection after each 
flight to assess the maintenance required to refurbish it 
for flight and to monitor its long-term performance. As 
part of this process, structure temperatures are recorded 
in flight and published in the post-flight inspection 
reports at as many as --three A 
preliminary analysis of data &om twenty-seven flights 
of OV-102 and eighteen flights of OV-105 are 
presented in this paper. Data fiom the early flights of 
OV-102 that were not published in the post-flight 
reports were acquired &om the NASA Space Shuttle 
Vehicle Engineering Office web site.' The initial 
temperature is calculated by subtracting the rise 
temperature fiom the peak temperature. 

For accurate estimates of reliability using Eq. (1) the 
strength and load data should be distributed with normal 
probability. An effective tool to assess the normality of 
distributions is a quantile-quantile plot. To obtain this 
plot the temperature data measured at a position are 
plotted on linear scales, the ith-ordered measurement 
against Z@,).'O Normally distributed data plot as a 
straight line and have a correlation coefficient (?) of 
one. No correlation exists when ?=O. 

Fig. 5 compares dimensionless OV-102 flight data at 
position P6 to the normal cumulative distribution 
hnction (CDF) for strength and load. The 2 
coefficients fiom the corresponding quantile-quantile 
plots are almost one, indicating that the data are almost 
normally distributed. P6 was selected as a 
representative example because the ? values at P6 for 
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TL (0.913) and Ts (0.902) correspond to the median 
values for all of the OV-102 positions. 

The NDLI parameters (AL,&,FOS,IOR) listed in 
Table 1 and 2 are ftom a statistical analysis of the OV- 
102 and OV-105 flight data and Eq. (2). The results 
ftom Table 1 and 2 are shown in Fig. 6 ,7 ,8  and 9 at 
each position to illustrate trends and facilitate 
comparison. The number of measurements (N) at each 
position ranges fkom ten to twenty-seven. This 
preliminary analysis used all of the available data 
without adjustments for high and low temperature 
outliers. At some positions, less than the full set of 
measurements for OV-102 (N=27) and OV-105 (N=18) 
were available for analysis, possibly due to 
instrumentation failure. A higher level of confidence in 
the estimates of XL, hs, FOS, and IOR is associated with 
values of 3 approaching one and a large number of 
measurements. For Ts, 2 ranges ftom 0.683 to 0.982 
(Tabie i,2j, and 3 for TL ranges fiom 0.622 to 0.983 
(Table 1,2). A formal confidence level analysis is 
beyond the scope of this preliminary analysis. 

Results 

Two Orbiters, OV-102 and OV-105, were selected for 
analysis to determine if the NDLI approach provides 
consistent results. OV-105 was assembled after OV- 
102 and incorporated more than ten years of operational 
experience, modifications and improvements. Because 
all of the Orbiters have nearly identical outer mold lines 
and re-enter the atmosphere on tightly constrained 
trajectories, the thermal load environments should be 
very similar. If the design of the RSI and airfi-ame 
structure are identical at each position on OV-102 and 
OV-105 then d e  local factor of safety and thermal 
reliability for both vehicles will be very similar. Some 
improvements in the RSI design on OV-105 may have 
addressed localized operational problems and may 
appear as an increase in local thermal reliability. 

Mean values of IbL, As, FOS and IOR for the windward, 
leeward, starboard and port surfaces are listed in 
Table 3 and in each figure. Because of the diversity in 
both the aerothermal heating and the RSI designs, it is 
usehl to examine the trends exhibited on the windward, 
leeward, starboard and port surfaces. Consistency can 
be examined by comparing the trends on the starboard 
and port surfaces, and by comparing the trends on OV- 
102 and OV-105. Only several of the more important 
features are discussed in the following sections, due to 
limited space. 

Thermal Load Uncertainty or Variation 
At high angle of attack (40”) the leeward surface of a 
hypersonic vehicle generally experiences larger 
variations in aerothennal heating than the windward 
surface because of separated flow phenomena. Early 
wind tunnel tests on several Orbiter configurations 
measured this behavior (see Ref. 3). This analysis 
indicates that larger variations in aerothermal heating 
occurred on the leeward surface of the Orbiters in flight. 
The mean value of the leeward surfaces on OV- 102 and 
OV-105 (hL=0.166) is about twice the mean of the 
windward surfaces (XL=0.076). 

The mean value of the windward surface on OV-102 
(XL=0.078) is consistent with the mean of the windward 
surface on OV-105 (hL=0.074), and the mean value of 
the leeward surface on OV-102 (h~=0.114) is less than 
the mean of the leeward surface on OV-105 (LL=0.218). 
All of these mean values are slightly lower than the 
uncertainties predicted for the first Orbiter flight (see 
Fig. 1). 

Separated flow phenomena and a vortex that develops 
where the wing joins the fuselage increase variations in 
aerothermal heating on the Orbiter fuselage side. The 
mean values for the starboard (h~=O.255,0.205) and 
port (LL=0.249,0.191) surfaces on OV-102 and OV-105 
are greater than the windward mean values and appear 
to confirm this behavior. Three positions (S6,P3,P5) on 
OV-102 affected by these flow phenomena have high 
temperature outliers fi-om the STS-l,2,3,4,5 and STS- 
9 missions. Post-flight analysis indicated that high 
Reynolds number heating effects, above that which was 
obtainable in the developmental wind tunnel tests, was a 
probable cause.” Because of these high structure 
temperatures on the early flights, the RSI was modified 
to provide additional margin on the OV-102 OMS pods 
and on OMS pods that were still under construction.” 
High temperatures were not measured on OV-105, and 
the mean value for the OMS pods (h~=O.l89) is 
significantly less than the mean for the OMS pods on 
OV-102 (hL=0.822). Further analysis of the OMS pods 
is required to fully understand the effects of the RSI 
modification. 

Thermal Strength Uncertainty or Variation 
As mentioned previously, the various RSI designs at 
each position capture many of the actual uncertainties 
and randomness affecting the TPS performance 
capability or thermal strength. Because the RSI was 
fabricated and installed using aerospace requirements 
for material specifications, manufacturing tolerances 
and assembly procedures, 1s is expected to be small. 
Variability in the initial temperature of the structure 
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before re-entry is also small due to operational flight 
constraints. 

On the OV-102 windward and leeward surfaces hs is 
remarkably uniform, and the windward mean value 
(h~=0.033) is slightly greater than the leeward mean 
(h,=0.027). Similar uniformity occurs on OV-105, 
where the windward mean value (hs=O.O4l) and the 
leeward mean (hs=0.040) are nearly identical. At all 
leeward positions on OV-105 the hs are about 50% 
greater than OV-102. This overall increase on the 
leeward surface may be the result of RSI modifications 
that occurred in the ten years between assembly of the 
two Orbiters. 

On the OV-102 starboard and port surfaces, hs is less 
uniform and consistent. The largest discrepancy occurs 
on the OMS pods (S6,P5), where the starboard pod 
(ks=0.004) is almost mice the port pod (3,s-0.03?). 
These values are almost identical to the OMS pods on 
OV-105. The consistent discrepancy on the OMS pods, 
where the starboard side (hs=0.064) is always greater 
than the port side (hs=0.038), possibly indicates some 
type of design asymmetry. 

In general, the strength uncertainty is less than the load 
uncertainty. The mean value of hs (0.037) on the 
windward surface is about 50% of the mean value of hL 
on the windward surface (0.076). On the leeward 
surface hs (0.034) is about 20% of h~ (0.166), and on 
the starboard and port surfaces hs (0.042) is about 20% 
of h~ (0.225). These trends indicate that it is important 
to implement manufacturing specifications and initial 
temperature constraints to insure hs is sufficiently less 
than the variations in the load environment (hL). 

Factor of Safety 
Of the many positions examined in analyzing the 
general trends exhibited by hL and Is,  two of the most 
interesting are on the OMS pods (S6,PS), where the 
original RSI design was improved to eliminate the high 
structure temperatures measured on the early flights of 
OV-102. This improvement increased the FOS on the 
OMS pods from a mean value of FOS=2.59 on OV-102 
to a mean of FOS4.49 on OV-105. 

On the windward surface of OV-102 the FOS are 
distributed around a mean value of FOS=2.36, which is 
very consistent with the mean of FOS=2.35 on OV-105. 
On the leeward surface of OV-102 the FOS are 
distributed around a mean value of FOS=5.29, which is 
slightly greater than the mean of FOS=4.83 on OV-105. 
The leeward mean value for OV-102 and OV-105 is 
about FOS=5.06. The largest discrepancy occurs above 

the cockpit (T8), where FOS=10.04 on OV-102 and 
FOS=5.79 on OV-105. 

The mean values of FOS on the windward and leeward 
surfaces are consistent with the relationship between 
FOS, hs and hL in Fig. 2. On the windward surface 
FOS=2.35 with hs=0.037 and hL=0.076. Fig. 2 
indicates that when h L  increases, a larger FOS (moving 
the means (b, pJ M e r  apart) is required to minimize 
the strength-load interference region. This behavior is 
demonstrated on the leeward surface where FOS=5.06 
with hs=0.034 and hL=O. 166. 

Index of Reliability 
In developing components or systems to satisfy a 
reliability requirement, it is necessary to design for the 
nominal environment, and also evaluate the capability 
to withstand occasional, off-nominal events. The index 
of re!iab?i!ity provides a probabilistic estimate of 
reliability for the nominal environment. In this analysis, 
it provides an estimate of the thermal reliability of 
thirty-three RSI designs operating in the re-entry 
environments of the OV-102 and OV-105 missions. 
The effect of occasional, off-nominal events, such as 
surface damage fiom impact debris, should be assessed 
by a probability risk assessment of the degraded RSI 
performance. 

As shown in Fig. 3, the index of reliability (IOR) is an 
adequate measure of reliability. In examining the local 
values of IOR on each of the Orbiters it is important to 
recognize that uncertainty exists in these estimates, 
particularly at positions with low values of 8 and 
temperature outliers. 

On OV-102, the mean values of IOR on the windward 
(IOR=12.0), starboard (IOR=ll.9) and port (IOR=ll.l) 
surfaces are remarkably consistent. The mean IOR on 
the leeward surface (IOR=24.1) of OV-102 is more than 
twice the mean on the other surfaces, suggesting that the 
RSI designs on the leeward surface are overly 
conservative. 

On OV-105 the three surfaces that are the most 
consistent are the windward (IOR=10.9), starboard 
(IOR=14.4) and leeward (IOR=13.4). The port surface 
on OV-105 (IOR=20.4) is about 1.8 times greater than 
the port surface on OV- 102 (IOR= 1 1.1). 

After discarding the two outliers (24.1,20.4), a mean 
value of IOR=12.3 is estimated for the Orbiter RSI 
positions, which is equivalent to a thermal reliability 
greater than ‘fifteen 9s’ for the nominal re-entry 
trajectories of the missions used in this analysis. 
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Again, two of the most interesting positions are on the Test (OFT) program (STS-1 through STS-5) was to 
OMS pods (S6,P5). The RSl improvement increased gradually expand the flight envelope and gather data for 
the IOR on the OMS pods fiom a mean value of assessing polar orbit capability. Data on the 
IOR=1.9 on OV-102 to a mean of IOR=ll.6 on OV- performance of the windward RSI during the OFT 
105. This was a critical upgrade because the thermal program indicated that the OV-102 windward TPS has 
reliability of IOR=1.9 is only 97.1%, significantly less the capability for a polar orbit mission, although the 
than the RSI thermal reliability at other positions. heat loads exceed the design limits at some positions. 

Discussion 

Reliability estimates fiom this NDLI analysis represent 
the thermal reliability of the RSI at thirty-three 
positions, and are not an estimate of the overall 
reliability of the entire thermal protection system 
installed on an Orbiter. Estimates of the overall system 
level reliability require a probabilistic risk assessment 
of the performance and interaction of the individual 
components in the Probabilistic methods 
such as NDLI are only useful in estimating the 
ieliabiiities of individuai components. Connecting the 
components together and examining the probabilistic 
cause and affect of their interactions is accomplished by 
probabilistic risk assessment techniques. In addition to 
assessing overall system reliability under nominal 
conditions, the probabilistic risk assessment is also 
typically used to examine the effect of anomalies or 
incidents that may occur infiequently yet have 
catastrophic effects. 

Because the TPS is a thermal-structural system it is 
important to assess both the thermal and mechanical 
reliability of all the critical failure modes. This very 
limited study has examined only the thermal reliability 
of one critical failure mode (structure temperature), of 
just one component family (RSI), at only a few 
positions. 

Reliability is affected by the differences between the 
design environment and the actual operating 
environment. In 1972, President Nixon directed NASA 
to begin development of the Space Shuttle System as 
the nation's primary launch vehicle and to gradually 
phase out the existing expendable launch vehicles. To 
satisfy the military requirements for launching into a 
polar orbit fiom the western test range (WTR) and 
landing after one orbit, the Orbiter was designed with 
higher crossrange capability than that required for low 
orbit inclination launches fiom the eastern test range 
(ETR). Thicker RSI is required to adequately insulate 
the structure during high orbital inclination missions 
and high crossrange re-entry trajectories because of the 
increase in total integrated heat load (see Fig. 
The TPS on OV-102 was designed for a moderate heat 
load as an intermediate step towards achieving this goal. 
One of the original goals of the OV-102 Orbiter Flight 

After the Challenger accident in 1986, polar orbit 
missions were no longer seriously considered and the 
Orbiter missions were constrained to re-entry 
trajectories at a narrower range of low inclination 
angles with lower heat loads. Most of the structure 
temperatures used in this analysis were measured under 
these conditions. Because both the mean value (p~) and 
variation (AL) are lower than the values that would be 
expected if polar orbit missions were flown, the 
estimates of RSI thermal reliability in this analysis are 
higher than the original design requirements. Further 
analysis of the actual heat loads corresponding to the 
data in Table 1 and2 is required for accurate 
comparison to the design requirements. 

The OFT flights also indicated that three factors (see 
Fig. 11) combined to decrease structure temperatures on 
the windward ~urface.'~~'' The laminar heating was 
lower because of non-catalytic surface effects. The 
turbulent heating occurred later in the trajectory 
because of delayed transition fiom laminar to turbulent 
flow. Additional atmospheric cooling occurred below 
Mach 2.5 when the vent doors were opened. These 
factors contribute to reducing pL in Table 1 and 2, and 
as a result, have increased the RSI thermal reliability on 
the windward surface. 

The RSI thermal reliabilities are calculated from 
structure temperatures measured on as many as twenty- 
seven missions flown over more than twenty years. 
During this time the RSI is subject to many 
environmental factors during each mission cycle that 
may or may not affect performance. The post-flight 
reports (see Ref. 7 and 8) document the more severe 
effects of debris impacts, contamination, seal leakage, 
thermal shorts, etc. that require maintenance, which 
ranges fiom simple in-situ repairs to component 
replacement. Any maintenance that affects the structure 
temperature is captured by the load parameters ( p L , h L )  

in the NDLI analysis. For example, the adhesive used 
to bond the RSI to the exterior wall of the structure has 
also been applied to the interior wall where high 
structure temperatures have been measured. Increasing 
the effective thermal capacitance of the structure will 
decrease the structure temperature and the mean value 
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(pL). As a result, the RSI thermal reliability is 
increased. 

At positions that have only required minimum 
refiubishment, the original RSI material has 
experienced the nominal aging process associated with 
reusable launch vehicle operations (ascent, on-orbit, re- 
entry, and refubishment). Any significant changes in 
the original RSI material that affect the structure 
temperature are captured by the load parameters (p& 
in the NDLI analysis. As a hypothetical example; if 
repeated waterproofing caused a gradual increase in 
thermal conductivity and a slight increase in structure 
temperature over many missions, then the mean value 
(pL) and variation (hL) would also increase. As a result, 
RSI thermal reliability is decreased. 

In addition to the effects of the trajectory, maintenance 
and material properties on reliability, the initial 
kmperaiure (TI) is also an important factor. Before re- 
entry is initiated the temperature of the structure is 
required to be less than a maximum limit that depends 
on position and total heat load.’* Under normal 
circumstances the Orbiter is pointed and rotated to 
satisfy these requirements. If circumstances occur 
where the structure temperature equals the design limit 
temperature before re-entry (TFTD), then there is no 
margin of safety and the structure temperature has a 
100% probability of exceeding TD. In this case, 0% 
reliability occurs regardless of the maximum structure 
temperature (TA) observed during re-entry. This 
behavior suggests that TI affects thermal strength (*,AS) 
more than thermal load (pL,hL).  

Pre-Flight RSI Thermal Reliability 

In preparing for the first launch of OV- 102 in 198 1, an 
assessment was made of the RSI design at several 
representative positions to establish the thermal margin 
for the early OFT missions.” In this section, NDLI is 
applied to calculate RSI thermal reliabilities from this 
published data, and the results are compared to 
reliabilities calculated from the flight data. 

The pre-flight assessment examined the effect of 
uncertainties in re-entry heating and the RSI thermal 
response by using the temperatures at the surface and 
structure to define the critical failure modes. Twelve 
positions (see Fig. 12) on the Orbiter were selected to 
assess each of the characteristic heating environments. 
Four areas were examined: nose, centerline (C/L), 
leeward (Lee) and interactions (Inter.). Heating 
uncertainties were established from extensive wind 
tunnel testing and flowfield analyses that extrapolated 

the test database to flight. RSI thermal response 
uncertainties were based on limited data, parametric 
numerical studies of the flowfield-RSI behavior, and 
general engineering judgment. Critical failure occurs at 
conditions that cause the surface or structure 
temperatures to exceed their design limits. 

Reference 19 first established a nominal thermal 
response using: an OFT trajectory, the nominal heating 
parameters and the nominal material properties. Next, 
the most important parameters were perturbed to 
determine the effect on the surface and structure 
temperatures. In assessing thermal margin, only 
perturbations (+a) fiom the nominal conditions that 
increased the surface and structure temperatures were 
important. The high confidence required in manned 
space flight designs was established by a +30 
perturbation of each parameter. Structure temperature 
deviations (AT3,) for a +30 perturbation of each 
parameter are listed in Table 4. 

Sensitivity derivatives were used to select the important 
parameters. The structure temperature was most 
sensitive to variations in: surface heating rate (ATq,3,), 
time of boundary layer transition from laminar to 
turbulent (ATS3,), thermal conductivity of the RSI 
(ATk3,), effective thermal capacitance of the structure 

and the initial temperature of the RSI to 
substructure inner bondline (ATTo,3,). 

The maximum temperature of the structure at the +30 
conditions (T-,3a) was estimated by adding the root- 
sum-square (RSS) of the AT3, values in Table 4 to the 
maximum temperature of the structure at nominal 
conditions (T-). Thermal margin (Tmrgh) is the 
difference between TD and Tmax,3,, where a negative 
margin indicated failure. All of the positions had 
positive margin except for body point 1100 on the 
windward centerline near the nose. 

NDLI is applied to calculate the RSI thermal reliability 
at the positions in Table 4. The temperature deviations 
(AT,,) for one standard deviation (+1q) that are used to 
estimate the uncertainties (A&.) are found by dividing 
AT,, by three. For comparison to the Orbiter flight 
data, four parameters (q,t,k,c) are selected to perturb the 
thermal load, and one parameter (To) perturbs the 
thermal strength. The RSS method is used to estimate 
oL from: ATq,,,, ATt,lo, ATkla, ATG,,, and os fiom: 
ATTo,la. RSS is a classic method for estimating 0 by 
combining deviations fiom parameters that are 
independent and normally distributed. 
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The load and strength uncertainties (h,,hS) at each 
position are listed in Table 5 and 6. The mean values 
(pL,ps) are estimated from Eq. (4) and IOR is estimated 
fiom Eq. (2). The heating uncertainties in Fig. 1 are 
compared to 3LL in the last column of Table 5, and there 
is generally good agreement between these two pre- 
flight assessments. The largest discrepancy occurs at 
the shock impingement area on the wing leading edge 
(2510) and the body flap (224). 

The NDLI parameters (hLhs,FOS,IOR) are shown in 
Fig. 12 and listed in Table 7. Because MOS is based on 
nominal conditions it is always greater than a Tmg, 
calculated for the 30  condition. At body point 1100 
which had a negative Tap, (-19.4 IC), the MOS is 
positive (8.0 K), the FOS is slightly greater than one 
(1.05) and IOR=0.9. The reliability corresponding to 
IOR=0.9 is 8 1.2%, indicating an expected failure rate of 
18.8%. Another position on the windward surface 
closer to the nose (1024) is more reliable, and has an 
IOR=3.7 that slightly exceeds the 3 0  requirement 
(IOR=3) in Ref 19. The reliability at the remaining 
positions is significantly greater than IOR=3. 

NDLI parameters (hJS,FOS,IOR) fiom analysis of the 
pre-flight assessment and the Orbiter flight data are 
compared in Table 8 for body points and measurements 
near each other. This comparison indicates that the 
thermal reliability (IOR) fiom the pre-fight assessment 
is consistently lower than the Orbiter results except at 
body point 1750, and that good agreement occurs at 
1400 and 224. All of the leeward body points have 
lower values of IOR than the Orbiter results, with a 
maximum IOR near the cockpit (3150). In addition, As 
is consistently 30% to nearly 50% lower than the 
Orbiter results except at T8 on OV-102. In contrast, hL 
is much less consistent but has good agreement at body 
point 1750 on both Orbiters, and at 4620 on OV-105. 
In general, the FOS are lower than the Orbiter results 
except at body points 1750 and 224, with good 
agreement at 1400 on both Orbiters. The increase in 
FOS along the centerline (C/L), from body point 1100 
to 1750, is opposite the trend in the Orbiter results. 

Because of the uncertainties and variations in these 
parameters it is also useful to compare mean values in 
addition to comparing discrete positions. The mean 
value for all of the pre-flight positions (IOR=7.8) is less 
than the mean estimated fiom the flight data 
(IOR=12.3). The discrepancy may be caused by the 
difference between the nominal OFT trajectory used in 
the pre-flight assessment and the actual trajectories 
flown. A more aggressive trajectory that increases the 

total heat load on the RSI will reduce the MOS, FOS 
and IOR. 

Reliabilitv Based Design 

This study has demonstrated that NDLI may be 
effectively applied to perform thermal reliability 
analysis of RSI designs from both flight data and a pre- 
flight TPS uncertainty assessment. The most important 
application of NDLI may be in the design of RSI for 
new reusable orbital space planes. Because overly 
conservative designs add mass that directly subtracts 
fiom the payload capability, it is important to optimize 
for mass, performance and reliability. One simple 
approach to optimizing the RSI design uses NDLI to 
specify the same reliability, or IOR, at all positions on 
the windward, leeward, starboard and port surfaces. 
This can be achieved by using Eq. (2) with a constant 
IOR to estimate the FOS at different positions, after the 
uncertainties (AL&) are defined. An example is 
provided in the last column in Table 7 for a reliability 
of 0.999999, and indicates that an increase in FOS fiom 
1.05 to 1.28 is required to improve the marginal design 
at body point 1100. Further analysis is required to 
understand this new approach and develop the 
appropriate reliability requirements. 

Conclusions 

The NDLI method and statistical analysis were used to 
determine thermal reliability of the airfi-ame structure at 
w - t h r e e  positions on two Orbiters where reusable 
surface insulation (RSI) is installed. The factor of 
safety, load uncertainty ratio, and strength uncertainty 
ratio are generally in good agreement or indicate 
consistent trends on the windward, leeward, starboard 
and port surfaces. To provide a more detailed 
comparison of the results, the reliability is represented 
by the index of reliability (IOR). A mean value 
(IOR=12.3) f?om the analysis of both Orbiters indicates 
a reliability greater than 0.999999 (IOR4.768). The 
windward surface on OV-102 (IOR=12.0) and OV-105 
(IOR=10.9) are in good agreement. Early flights of 
OV-102 experienced high structure temperatures on the 
OMS pods. Improved RSI designs increased the IOR 
on the OMS pods fiom a mean value of IOR=1.9 on 
OV-102 to a mean of IOR=l1.6 on OV-105. Further 
analysis of the OMS pods is required to fully 
understand the effects of the RSI modification. 

NDLI was also used to estimate thermal reliability fiom 
an assessment of TPS uncertainties that was completed 
shortly before the'first OV-102 flight. Results from the 
flight data analysis and pre-flight assessment at several 
positions near each other are in good agreement. The 
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mean value fiom the pre-flight assessment (IOR=7.8) is 
less than the mean ftom the flight data (IOR=12.3). 
Body point 1100, which was identified in the pre-flight 
assessment as a marginal RSI design, has a thermal 
reliability of only 8 1.2% (IOR=0.9). 

The parameters affecting thermal load (q,t,k,c) and 
strength (To) were selected for consistency with the 
Orbiter flight data on the existing RSI designs. Further 
analysis of an RSI material that is adhesively bonded to 
a structure is required to fully understand the effect of 
the aerothermal heating parameters and the RSI thermal 
response parameters on thermal reliability. 

Reliability based design of RSI for reusable orbital 
space planes is a new approach to optimizing for mass, 
performance, and potentially cost. A simple example 
demonstrated that NDLI is an effective method for 
estimating the factors of safety that provide a constant 
thermai reliability of 0.999999 for twelve body points 
on the Orbiter. Further analysis of this approach is 
required to develop the appropriate reliability 
requirements. 
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P5 0.781 0.037 2.51 1.9 0.622* 
P6 0.136 0.043 5.00 15.7 0.9 13 
P7 NA NA NA NA NA 
P8 NA NA NA NA NA 

0.954' 27 
0.902 27 
NA NA 
NA NA 

Table 1 : Non-dimensional parameters calculated fiom OV-102 structure temperature measurements. 
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Table 2: Non-dimensional parameters calculated from OV- 105 structure temperature measurements. 
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Position 
~ 

Windward 

1,eeward 

Starboard 

Port 

Parameter I ov I 1. 

102 0.106 Maximm . __ _ 
105 0.095 
102 0.079 
105 0.071 
102 0.078 

Mean (p) -- 
105 0.074 

Variation 102 0.313 

Median _- _- __ _.____ 

(cJ& I 105 I 0.206 

Mean (p) 1 ---% -v 
Variation 102 0.310 

105 0.329 (cJ/P) I I 

Maximum 
0.464.‘ 

Median 0.113 
0.120 

W);: I 5.79 I 19.3 1 
4.81 19.4 

0.041 I 4.37 I 12.6 
-,0.050 1 3.81 1 0.042 4.80 :::: 
Cl:);; 1 2.51 I 1.9 

2.96 11.1 
0.053 I 5.00 I 20.1 

0.029 I 4.85 1 16.9 

-0.167 I 0.32 I 0.6 
0.317 0.33 0.6 

Table 3: Comparison between OV- 102 and OV- 105 non-dimensional parameters. 
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3104 26.1 (47) 17.2 (31) 11.1 (20) 4.4 (8) 9.4 (17) 373.2 (212) 408.2 (275) 41.7 (75) 

3150 21.1 (38) 17.2 (31) 11.1 (20) 4.4 (8) 9.4 (17) 327.6 (130) 358.7 (186) 91.1 (164) 

3500 26.1 (47) 17.2 (31) 11.1 (20) 4.4 ( 8 )  9.4 (17) 352.6 (175) 387.6 (238) 62.2 (1 12) 
4620 26.1 (47) 17.2 (31) 11.1 (20) 4.4 (8) 9.4 (17) 344.3 (160) 379.3 (223) 70.6 (127) . 

Table 4: Structure temperature uncertainties (30 values) and margins for an OFT-type trajectory (Ref 19). 

Table 5: Load parameters fiom NDLI analysis of Ref. 19 data and a comparison to Ref. 3 data. 
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2168 3.15 3.15 
2510 3.15 3.15 
224 3.15 3.15 

'Factor of 

450 283.2 166.9 0.019 
450 283.2 166.9 0.019 
450 283.2 166.9 0.019 

I Inter. I I i i i i 

Table 6: Strength parameters from NDLI analysis of Ref 19 data. 

safety required for a reliability of 0.999 999 (IOR4.768) 

Table 7: Index of reliability fiom NDLI analysis of Ref. 19 data. 
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*B 12 = mean value of B 1 ,B2 
*T27 = mean value of T2,T3,T6,T7 

Table 8: Comparing NDLI parameters at common positions in the pre-flight 
TPS uncertainty assessment (Ref. 19), and the flight data of OV-102 and OV-105. 

23%T 
15%L' 
23Y'T 

10% 
\ 

UNCERTAINTY CONSIDERATIONS 
WIND TUNNEL 
DATA SCATTER 
LOCAL PROPERTIES 
THEORY 
FLOW- ORIGIN 
DEFLECTION EFFECTS 
SCALING TO FLIGHT 
DOUBLE SHOCK 

34% 

21 

26 % 

UNCERTAINTY CONSIDERATIONS 
WIND TUNNEL 
DATASCATTER 
SCALING TO FLIGHT 

Figure 1: Heating uncertainties for assessment of the first Orbiter flight (fiom Ref. 3). 
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Figure 2: Examples of normal probability distribution 
functions for strength and load. 

Figure 3: Relationship between the index of reliability 
(IOR) and reliability. 

30 I 
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0 0.2 0.4 0.6 
h L  
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0 
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Figure 4: Effect of load uncertainty (AL) and factor of 
safety @OS) on the index of reliability (IOR). 

Figure 5 :  Correlation of normal probability 
distributions to OV-102 measurements of load (TL) 

and strength (Ts) temperatures at position P6. 
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Figure 6a. Results fiom NDLI analysis on windward surface of OV- 102. 

Figure 6b. Results from NDLI analysis on windward surface of OV-105. 
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H FOS/IOR Mean 5.29124.1 

- 
Figure 7a. Results from NDLI analysis on leeward surface of OV- 102. 

Figure 7b. Results from NDLI analysis on leeward surface of OV-105. 

18 
American Institute of Aeronautics and Astronautics 



AIM 2003-0658 

Mean 0.255/0.050 %b LZ2 

Figure 8a. Results from NDLI analysis on starboard surface of OV- 102. 

Th%!b fE?,(EiZE?l 

Figure 8b. Results from NDLI analysis on starboard surface of OV-105. 

Figure 9a. Results from NDLI analysis on port surface of OV-102. 

_ - -  / / /  

1 4 . 3 4 / 1 2 . 6 p  

Figure 9b. Results from NDLI analysis on port surface of OV- 105 
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Figure 10: Heat load variation with orbit 
inclination and crossrange. 
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Figure 1 1 : Decrease in actual bondline (structure) 
temperatures caused by lower laminar heating, late 

transition and atmospheric cooling. 
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Figure 12. Results from NDLI analysis of pre-flight uncertainty assessment data (Ref. 19). 
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